Abstract
Introduction
The differentiation of stem cells in vitro yields novel sources of cells for neural tissue replacement or repair. Complex protein solutions, such as Matrigel®, have been utilized extensively as substrates for differentiation. [1] However, Matrigel® is xeno-produced, differs from batch to batch, and contains a mixture of extracellular matrix (ECM) proteins, including laminin, collagen IV, entactin, heparin sulfate proteoglycans, and a multitude of growth factors.
[2] While xenogenic factors and additives have proven useful in vitro for mechanistic evaluation and development, the translation potential of this approach into clinical environments is limited, as xeno-derived components can initiate potent immune responses. [3] [4] In addition, several regulatory challenges exist to using these factors clinically. In order to push the translation of stem cells to clinical practice, synthetic xeno-free culture systems with defined concentration and spatial presentation of bioactive species for directed differentiation of ESCs and maintenance of cell maturity are required. [5] In response to these challenges, polymeric substrates mimicking ECM elasticity, stiffness, [6] [7] geometrical architecture, [8] [9] chemical cues [8, [10] [11] and a combination of these factors [12] [13] [14] have been explored to push stem cell differentiation into neural lineages with some success. However, the relative contributions of each these microenvironment parameters and how their combinations control cell behavior is still not completely understood. For neural tissue engineering, aligned fibers are of particular interest due to a highly polarized pattern of nerve cells. Aligned substrates have been shown to improve neural cell alignment and migration, guide neural progenitor differentiation, and direct neurite extension during development and regeneration. [8, [15] [16] [17] [18] [19] [20] [21] Electrospinning affords the fabrication of polymeric fiber meshes with nano-to micrometer topologies that mimic the architecture of native ECM. [22] [23] [24] [25] Electrospun fibers influence stem cell behavior by mimicking ECM properties including fiber diameter and alignment (via modification of voltage, tip-to-collector distance, solvent composition and solution concentration [26] [27] [28] [29] [30] ) and controlling the concentration and spatial placement of bioactive species. Electrospinning of ECM adhesive proteins including collagen, [31] gelatin [32] [33] or laminin [34] has been used widely to produce cellular substrates, but most of the bioactive molecules are hidden in the bulk and unavailable for cell-substrate interactions, and are expensive to manufacture. Furthermore, ECM proteins often lose their structural functionality during electrospinning due to the stretching of molecules and denaturation. [35] [36] In contrast, most synthetic substrates lack biological signaling found in the natural ECM, [37] [38] but can be modified with bioactive species including peptides, growth factors and carbohydrates to yield simple, scalable and cost-effective substrates with improved cell-matrix interactions. [39] Laminin is the most abundant glycoprotein present in basement membranes, appears at the very early stage during embryogenesis, [40] [41] and is a major component of Matrigel®. [1] It has various structural and biological activities including promotion of cell adhesion, migration, growth and differentiation. [41] [42] Substituting short synthetic peptides corresponding to binding domains of long protein chains [43] for full proteins enables scalable, cost-effective substrate fabrication. For example, the six amino acid GYIGSR sequence, found in the B1 laminin chain, has been shown to exhibit cell adhesion, attachment, migration and binding to the 67 kDa laminin receptor. [44] [45] [46] Recently, we investigated strain-promoted azide-alkyne cycloaddition (SPAAC), [47] [48] [49] [50] for the post-electrospinning attachment of bioactive species to degradable polyesters. [26, [51] [52] [53] [54] This approach affords facile, quantitative modification of 4-dibenzocyclooctynol (DIBO)-functionalized PCL with azide-derivatized compounds with no catalyst or chemical activation.
Post-electrospinning surface modification method is the most efficient way to attach bioactive species to nanofibers. It affords control of concentration and spatial presentation in contrast to adsorbed bioactive species. Unlike conjugation methods that occur prior to electrospinning, where a significant fraction of bioactive species is hidden within the fiber and not available for interacting with target cells, post-electrospinning surface modification results in the bioavailability of the tethered groups. [54] PLLA nanofiber scaffolds with tethered GYIGSR have previously been shown to enhance mESCs commitment to neural lineage within 3 days. [26] However, further characterization regarding the commitment and maturation of the mESC over longer times were not reported. Therefore, this study investigated mESC commitment, differentiation, and maturation on aligned PCL nanofiber substrates functionalized with GYIGSR peptide for up to 14 days. By changing the degradable polyester to PCL, this work will enable the introduction of multiple functionalities in the polymer chain for post-electrospinning modification with biomolecules in a controlled manner. [53] [54] 
Materials and methods

Materials
All materials were used as received unless otherwise stated. Tetrahydrofuran (anhydrous, ≥99.9%, inhibitor-free), chloroform (anhydrous, contains amylenes as stabilizer, ≥99%), and calcium hydride (reagent grade, 95%) were purchased from Sigma-Aldrich (St. Louis, MO).
Phenylacetaldehyde (98%, stabilized), lithium diisopropylamide mono(tetrahydrofuran) (1.5 M solution in cyclohexane, AcroSeal™), iodotrimethylsilane (95-97%), n-butyllithium (2.5 M solution in hexanes, AcroSeal™), hexanes and methylene chloride were purchased from Fisher Scientific (Houston, TX). Sodium thiosulfate pentahydrate (Proteomics grade, 99%) was purchased from Amresco, LLC (Solon, OH). 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) was purchased from Oakwood Products, Inc. (Estill, SC). Sodium sulfate anhydrous (ACS grade) and methanol (ACS grade), hydrochloric acid (36.5-38%, ACS Grade) were purchased from VWR International (Radnor, PA). Dry toluene (HPLC Grade, 99.7%, Alfa Aesar) for polymerization was purified and dried on an Inert Pure Solv system (MD Solvent Purification system, model PS-MD-3) and degassed using three cycles of the freeze-vacuum-thaw. ε-Caprolactone (ε-CL, 99%, ACROS Organics™) was dried over calcium hydride under nitrogen overnight and distilled under reduced pressure. Magnesium 2,6-di-tert-butyl-4-methylphenoxide catalyst [Mg(BHT)2(THF)2] was synthesized using methods described previously. [55] [56] 4-dibenzocyclooctynol (DIBO) initiator was synthesized using methods described previously. [48, 50, 52, [57] [58] Resins for peptide synthesis (Novabiochem®) were purchased from EMD Millipore (Billerica, MA). Fmoc-amino acids were purchased from Aapptec (Louisville, KY). Flash chromatography was performed on silica gel (Sorbent Technologies Inc., 70-230 mesh). Square (22 x 22 mm) and round (8 mm) Fisherbrand™ borosilicate cover glasses (#1. 5) were washed with methanol/toluene/methanol, dried with nitrogen and cleaned with UV light (355 nm) for 3 min prior to use. After nanofibers were collected on the glass coverslips, the nanofiber mats were glued to the edges of a glass slide by a silicone sealant and dried under vacuum overnight.
Experimental Methods
Proton 1 H nuclear magnetic resonance (NMR) (300 MHz and 500 MHz) spectra were recorded on Varian Mercury 300 and 500 spectrometers. The polymers were dissolved in CDCl3 solvent at 15 mg/mL, the relaxation time was 2 sec with 64 transients.
Size exclusion chromatography (SEC) was used to determine molecular mass and molecular mass distributions (ĐM). Eluograms were collected on a Tosoh EcoSEC HLC-8320GPC using N,N-dimethylformamide (DMF) containing 0.1 M lithium bromide as the eluent. The 2 columns were calibrated using narrow molecular mass polystyrene standards (20 standards from 0.5 kDa to 5,480 kDa). Nanofiber scaffolds were sterilized by ethylene oxide using an Anprolene benchtop sterilizer (Anderson Products, Inc., Haw River, NC) according to the manufacturer's protocol for 12 h at room temperature and 35% humidity (concentration of ethylene oxide is about 0.5 g/L), purged for at least 48 h and stored in vacuum desiccator until cell study.
Materials for cell study
Mouse embryonic stem cells (D3) were obtained from ATCC, and cultured without a cell feeder support layer. ES-fetal bovine serum (ES-FBS, ES009B), 0.1% gelatin (ES006b), β-mercaptoethanol (100X, ES007E), sodium bicarbonate (S6014), sodium pyruvate (S8636), retinoic acid (R2625), insulin (I1882), apo-transferrin (T1147), progesterone (P8783), putrescine 
Synthesis of DIBO-end functionalized poly(ԑ-caprolactone)
The synthesis of DIBO-end functionalized poly(ԑ-caprolactone) and post electrospinning modification of the nanofibers with peptides via strain-promoted azide-alkyne cycloaddition is shown in Scheme 1. Using standard drying techniques, a glass ampoule was filled with ԑ- 
Electrospinning conditions and nanofiber collection
The electrospinning setup for aligned nanofiber scaffolds is shown in Figure 1 
Characterization of diameter and orientation
Nanofiber dimensions and alignment were imaged by scanning electron microscope reported as an average ± standard deviation. Distributions of fiber diameters are shown in Figure S4 (A). The Directionality TM plugin of ImageJ [60] was used to quantify the relative degree of alignment of the scaffolds by analyzing the angle distribution of fibers ( Figure S4 (B)). The value is reported as an average ± standard deviation. Fityk 0.9.8 was used to fit a Gaussian function (red curve), and calculate average angle as the peak of the fit distribution. [61] Angles were normalized to 0. The highest peak was normalized to 1. Angle distribution of diameter directions was calculated using Gaussian fitting parameters. The quality (goodness) of fit to the Gaussian distribution curve calculated by Directionality TM plugin was reported as average ± standard deviation.
Solid phase peptide synthesis
N3-GYIGSR peptide was synthesized using standard FMOC conditions on a CEM Discovery microwave peptide synthesizer. The N-terminus was derivatized with 6-azidohexanoic acid. [62] The desired peptide product was confirmed by electrospray ionization mass spectrometry for N3-GYIGSR [M + Na] + = 813.4 Da, yield = 71% ( Figure S5 ).
Electrospray ionization (ESI) mass spectrometry experiments
Synthesized peptide was analyzed using mass spectrometry. The spectra were recorded using a Bruker HCT ultra II quadrupole ion trap mass spectrometer (Bruker Daltonics, Billerica, MA) by direct infusion with a syringe pump at a flow rate of 250 µL/h. The temperature and flow rate of the drying gas (N2) were 300 °C and 8 L/min, respectively; the pressure of the nebulizing gas (N2) was set at 10 psi. Stock solutions of the peptides were prepared in H2O at 10 mg/mL.
The sprayed samples were prepared by adding 1 µL of the peptide solution to 500 µL H2O and 500 µL of MeOH to obtain a final peptide concentration of 0.01 mg/mL in 1:1 (v/v) H2O:MeOH.
Nanofiber functionalization
Nanofiber covered glass slides were dipped into a solution of the respective azide- The extent of functionalization with each peptide (reported as an average ± standard deviation) was confirmed using UV−visible spectrophotometry using chloroform as a solvent.
The peak intensity at 306 nm (which corresponds to π-π* transition in alkyne bond in DIBOfunctionalized polymer) decreases after reaction with azide-functionalized peptide in comparison with fibers before functionalization. The concentration of GYIGSR peptide was measured using UV-visible spectrophotometry (Synergy TM MX plate reader from BioTek, with spectral resolution 1 nm).
D3 mouse embryonic stem cell culture and seeding
D3 mESC were maintained feeder-free using 0.1% gelatin coated flasks in pluripotent media (DMEM with high glucose, 10% FBS, 0.1mM 2-mercaptoethanol, 4 mM L-glutamine, 4.7 mM HEPES, and 1000 U/mL LIF). Pluripotent cells were passaged every other day. All experiments utilized cells with less than 15 passages. The expression of SSEA-1 was utilized to confirm pluripotency at the time of seeding by flow cytometry. Cells were seeded onto scaffolds at 125,000 cells/cm 2 in neural differentiation media (80% 1:1 DMEM:F-12, 20% neurobasal-A medium, 1X N2 (50 µg/mL insulin, 1 mg/mL apo-transferrin, 60 ng/mL progesterone, 160 µg/mL putrescine, 0.3 µM sodium selenite, 0.5 mg/mL BSA, 6 mg/mL D-Glucose, 5mM HEPES, diluted in DMEM/F12), 1X PluriQ, 1mM sodium pyruvate, 2 mM L-glutamine, and 2 µM retinoic acid).
Differentiation status was determined at day 1, 3, 7, and 14 using both gene and protein expression.
Quantitative polymerase chain reaction (qPCR)
RNA isolation was performed using Trizol® according to the manufacturer's protocol.
Two samples were combined prior to RNA isolation for scaffolds, while one sample was utilized for RNA isolation from cells on laminin substrates. UV-visible spectrophotometry was utilized to quantify RNA and gel electrophoresis was performed on every RNA sample to confirm quality using 2% agarose gel with ethidium bromide. Quanta qScript DNase kit was used following the manufacturer's protocol to digest any genomic DNA. Quanta qScript reverse transcriptase (RT) kit was used following manufacturer's protocol to synthesize cDNA. The synthesized cDNA was stored at 4 °C until qPCR was performed. Real time PCR was performed using primers (Integrated DNA Technologies, Coralville, IA) in Table 1 . No-template controls and no RT controls were tested on each sample at the same primer concentration for housekeeping genes.
Reactions were prepared using Perfecta SYBR Green SuperMix, Low ROX and Applied
Biosystems 7500 real time PCR system was used at a standard run.
Immunocytochemistry
Protein expression was evaluated using immunocytochemistry (ICC). Cells were fixed at the appropriate timepoint with freshly prepared 4% paraformaldehyde in 1X PBS for 10 minutes at ambient temperature. Cells were permeated with 0.5% Triton X-100 for 10 minutes, quenched with 1 mg/mL sodium borohydride for 8 minutes, and blocked with 2 mg/mL BSA for 40 minutes.
Cells were incubated with primary antibodies at 4 °C for 10 hours, washed 3 times, and incubated with secondary antibodies for ~8 hours at 4 °C. All cells were labeled with H33342.
Day 1 samples were labeled with the pluripotency markers POU5F1 and SSEA-1, early neural markers NES and SOX1, and the neural marker TUBB3. Day 3 samples were labeled with the pluripotency marker POU5F1, early neural markers NES and SOX1, neuronal marker TUBB3, and glial marker GFAP. Day 7 and day 14 samples were labeled with the neuronal markers TUBB3, MAP2 and GAP43, and the glial markers FOXO4, OLIG1, GFAP and CNPase.
Images were taken on Zeiss AxioObserver X3 microscope (Zeiss, Thornwood, NY) or {Confocal in CBE} at exposures relative to controls with only secondary antibodies. Up to five images were taken per substrate. To provide semi-quantitative information from the images, we utilized several techniques within ImageJ including pixel quantifcation, percent labeled cells, and neurite alignment .
Pixel Quantification: The control images, taken on substrates processed with no primary antibodies, were thresholded to less than 0.1% area fraction of fluorescence, and the thresholded values were used on the sample images. The area fraction of fluorescent pixels after thresholding was recorded for each fluorophore and image and normalized to area and the number of cells in the ROI. This pixel quantification was performed for images taken on the same microscope at the same magnificationa.
Percent labeled cells: ldtTo determine percentages of labeled cells, the number of cells expressing various markers on day 1 and day 3 were manually counted and expressed as % cells ± standard error of the mean.
Neurite alignment: Finally, to quantify the alignment of the neurites, all TUBB3 labeled neurites in images were traced using NeuronJ plugin of ImageJ. The fiber orientation was measured in the phase channel, and all tracings were oriented to the fibers at 0º. The tracings were then processed through Directionality TM plugin of ImageJ. Goodness of fit to a Gaussian curve was used to measure alignment of the neurites and reported as average angle ± standard deviation and by the width of the Gaussian peak at half its maximum intensity. This process also provided a measure of total neurite length per area, but as starting and ending positions of neurites could not be identified in each case, only the total neurite length was reported.
Statistics
All experiments were conducted at least 3 times (n ≥ 3). Cellular experiments have a minimum of 3 biological replicates. PCR data are presented as the average ± standard deviation and image analysis is expressed as average ± standard error of the mean. Two-way ANOVA with Bonferroni's post hoc analysis was used to express statistical differences with 95% confidence interval and a significance value of p>0.05. Two-sample t-test was performed to show statistical difference between neurite alignment cultured on different substrates with 95% confidence interval and a significance value of p>0.05.
Results
PCL nanofibers functionalized with GYIGSR
DIBO-end functionalized poly(ԑ-caprolactone) was synthesized by ring-opening polymerization of ԑ-caprolactone using Mg(BHT)2(THF)2 as a catalyst using standard techniques. This method yielded high molecular mass PCL with high end group fidelity. High 
Gene Expression
To characterize neural differentiation by gene expression, stage specific pluripotency markers, neural progenitors, early and late neural markers, and glial markers were analyzed by qPCR. Figure 2 and Figure S7 show fold change (normalized to average of two housekeeping genes -Gapdh and Actb and day 0) over time on YIGSR aligned fibers and laminin-coated glasses.
The pluripotent marker (Pou5f1) was downregulated in both groups ( Figure S7 ) implying that cells were undergoing differentiation, with downregulation at day 14. Higher levels of Pou5f1 gene expression were found from cells on fibers compared to cells on laminin on day 1 and day 3, but the result was not significantly different on day 7 and 14.
Neural commitment was confirmed by expression of neural progenitor genes (Sox1, Pax6, Nes). Expression of these neural progenitor markers was upregulated at day 1 and day 3
and then down-regulated by day 14. Expression of Sox1 was significantly higher for cells on fibers than cells on laminin at day 1, but no significant differences were found between samples at each later time point (day 3, 7 and 14 was expressed earlier by cells on fibers, with significant differences compared to cells on laminin at day 3. Gap43 was expressed at a higher level on fibers than on laminin at day 3. Late stage neuronal marker Syp, a protein that plays a role in synaptic plasticity [63] , was upregulated during the differentiation, with the highest expression on day 14. The expression of Syp was increased for cells on laminin over cells on fiber substrates for day 3 and 14. Expression of tyrosine hydroxylase (Th), associated with dopaminergic neurons, demonstrated statistical increases at day 3 compared to day 1 on fibers (at day 3), but not until day 7 on laminin.
Glial cell markers expressed similarly on both substrates at similar time points, except
Foxo4 at day 14 and Olig1 at day 1, where the gene expression was lower for cells on fibers.
Gfap had significant increases (511-fold increase on fibers and 565-fold increase on laminin) by cells on both substrates by day 14.
Protein Expression
The expression of proteins typical for pluripotent state (SSEA-1, POU5F1), neural progenitors (NES, SOX1), neural (TUBB3 for early neuronal, MAP2 and GAP43 for late neuronal stage), and glial cells (GFAP for astrocytes, OLIG1 and CNPase for oligodendrocytes) was visualized and quantified. Third quartile images, based on pixel quantification, are shown in GFAP was present on cells on both fiber and laminin substrates by day 3. While GFAP was present on cells on fiber substrates, the expression of GFAP by cells on laminin-coated surfaces showed more distinct glial morphology at day 14 ( Figure 3) . Pixel quantification for GFAP at day 7 was statistically higher on laminin substrates than YIGSR-aligned fibers. The expression of oligodendrocyte marker OLIG1 was slight for cells on laminin at day 7, and more prominent at day 14, but was not visibly expressed on cells on fibers ( Figure 3 ). Another oligodendrocyte marker CNPase was also slightly expressed by day 7 on laminin, but was not noticeably expressed on cells on fibers until day 14. Pixel quantification of CNPase was not statistically different (p=0.07), with 12/12 images for cells on fibers had no labeling and 2/5 images for cells on laminin had no labeling.
Discussion
To translate the use of stem cells to clinical practice, xenogenic components of differentiation media need to be substituted by recombinant proteins or synthetic mimics. 5 One method to reduce these components is to develop material-based systems that recapitulate the culture microenvironment currently utilized for stem cells. Cells produced via substrate-directed differentiation may improve access to neural cells for cell-based therapies by reducing exposure to potential immunogens. To address this concern, we designed a synthetic nanofibrous substrate with surface-tethered GYIGSR that increased the rate of mESC differentiation at day 4, indicating a similar progression to our study. [68] Overall, the laminin-substrate, along with the differentiation medium, encouraged both the commitment and differentiation toward neurons and glia over 14 days.
We next investigated the effect of fibers on the same process. Electrospun nanofibers have been shown to enhance differentiation of embryonic stem cells into various types of cell lineages compared to flat surfaces, [69] including osteogenic differentiation, [70] cardiomyocytes, [71] adipocytes, [72] and neurons. [15, 73] The topography of the substrate is defined by both the fiber diameter and alignment.
While fiber diameter has been found to play a role in neural differentiation, the results are mixed. For example, fiber diameter played a role in rat neural stem cell differentiation on laminin-adsorbed polyethersulfone fibers in comparison to laminin-adsorbed tissue culture polystyrene, where at 5 days of culture, cells had higher TUBB3 protein expression on 749 nm fibers compared to gelatin-coated plastic and 283 nm nanofibers. In contrast, oligodendrocytes were found in higher numbers on 283 nm fibers over larger fibers and gelatin-coated plastic. [16] In this study, we found few oligodendrocytes on 212 nm fibers, and high expression of β-III tubulin both in protein and gene expression, high Nes in gene expression, and little detectable GFAP by both gene and protein expression by day 7. These results were more similar to previous work on PLLA fibers with tethered GYIGSR [26] and neat PLLA fibers, where the rate of neural stem cell differentiation was higher on nanofibers (250-300 nm) than on microfibers (1.25-1.5µm). [18] The differences noted between each study can be due to surface/protein/ peptide functionality, fiber density, [75] or potential topography influences. While we did not study fiber diameter as a variable, this variable could be studied in the future to potentially drive one cell population over another.
As noted above, the alignment of the fibers has played a role in the resulting differentiation, with aligned topographies demonstrating increased neuronal differentiation. After 10 days on PLGA fibers, mESCs (mESC1 and mESC5) on aligned scaffolds had statistically
higher Nes gene expression than gelatin-coated substrates or random fibers, but not Tubb3 or Pax6. [21] In addition, PLLA fibers (350 nm) with bound YIGSR had increased neural differentiation after 3 days over similar fibers that were randomly aligned, or aligned or random unfunctionalized fibers. [26] This trend is similar with adult neural stem cells.
[76] Therefore, we selected to only study aligned fibers, and compare those results to laminin-coated substrates, which are a typical platform for neural differentiation. In this comparison at early time points, YIGSR-aligned fibers had higher expression of neural progenitor and neuronal genes Sox1, Tubb3, Cdh2, Gap43, Syp, and earlier NES, TUBB3, GAP43 and MAP2 protein expression on synthetic nanofiber substrates. Thus, YIGSR-aligned fibers were a suitable substrate for neural differentiation, producing an increased rate of differentiation compared to whole-protein coated glass substrates. After 14 days, any differences were gone, implying a more mature population on both substrates. Future work, over longer time frames, can continue to determine if further differences exist after differentiation on a peptide-modified scaffold with different topographies.
GYIGSR-tethered substrates were shown to promote neural differentiation previously for neural stem cells on membranes, [77] embryonic hippocampal neurons on YIGSR-modified substrates, [78] and human mesenchymal stem cells on silk fibroin films [46] compared to laminin-coated surfaces. The role of GYIGSR in cell adhesion has been well established, [77] and we demonstrated that surface-tethered GYIGSR peptide increased mESC adhesion over non-functionalized fibers. However, the numbers of cells adhering to the functionalized nanofibers was far less than those adhering to the flat laminin-coated substrate. As activity of the substrate has been found to be dependent upon the surface concentration of peptide, we calculated that the GYIGSR peptide on laminin-coated surfaces would be approximately 1.2 pmol/cm 2 . [14] Since laminin has other bioactive sites, a higher surface concentration of GYIGSR peptide on synthetic substrates was used (17.3 ± 6.6 pmol/cm 2 ) than on laminincoated glass, but this concentration was still lower than previous studies on PLLA fibers (57.3 pmol/cm 2 ). [26] While the concentration of GYIGSR was theoretically lower on the laminincoated substrates, adhesion of the cells to a surface can rely on multiple cell-substrate binding sites, which is demonstrated here by the increased adhesion to whole protein over peptidefunctionalized fibers. Interestingly, the reduction in cell number would typically be thought of as a negative influence on differentiation, yet, we saw increased rates of differentiation on the fiber substrates compared to the laminin substrates. This result provides even further evidence of the potential power in using topography and peptides in the differentiation process.
The authors could not find another single-peptide system that increased the rate of mESC commitment and differentiation over protein-coated substrates. Our nanofiber scaffolds, which combine topographical properties with bioactive binding sites, represent a versatile biomaterial platform that can be used for differentiation of other cell lines for neural lineages.
Similar to our study, neural progenitor cells had a higher rate of differentiation on peptide (IKVAV)-functionalized peptide nanofibers than on laminin-coated substrates, where a higher percentage of cells expressed TUBB3 and fewer cells expressed GFAP on fibers than on laminin. [14] However, the concentration of peptide on the nanofiber surface was higher by a factor of 10 3 than on laminin, where our concentration was only 10-fold higher. As our previous study was 50-fold higher GYIGSR concentration and a slightly higher fiber diameter (~338 nm), yet demonstrated similar results, we hypothesize that the faster differentiation is related to both the peptide specificity and alignment of the fibers, compared to protein-coated glass substrates.
But by day 7 and day 14, cells on both substrates are at the same differentiation stage, suggesting that GYIGSR sequence plays a more important role at the early stages of neural commitment and differentiation than at the late stages. However, at later stages, the fiber topography played a more significant role in directing the neurite extensions. [15, 18, 76, [79] [80] [81] [82] Our work demonstrated that aligned GYIGSR-functionalized scaffolds provided this contact guidance for the extension of neurites along the fiber direction and showed increased total neurite length. Previous results using bioactive species demonstrated improved neurite extensions on bioactive fibers compared to neat fibers. [79] This directional guidance could be useful in the end applications, but the exact role of fiber alignment in the neural induction or differentiation process is still unclear and would require further study.
Even though most of our results indicate faster differentiation on YISGR-modified fibers than on laminin, better cell performance on laminin substrates was also noted, including higher adhesion, higher expression of the Syp by day 14, and earlier and more mature glial and oligodendrocyte markers. These results, in particular the high level of initial cell adhesion, are likely related to multiple bioactive sites working synergistically as a consequence of laminin having a native ECM. [54] Therefore, in order to fully mimic the cell-laminin interaction it would be interesting to investigate nanofiber substrates with multiple functionalized bioactive cues, with ability to balance each of their concentrations to promote target cell behavior. This functionality could be easily achieved by introducing functional monomers into the PCL chain with the possibility for easy post-electrospinning modification with multiple factors. [53] These results, and the possibility of future modifications, demonstrate the versatility of our substrates, which could be used for culturing or differentiation of other cell lines by tethering other bioactive factors.
Conclusions
The present study describes fabrication of a versatile nanofiber platform, combining topographical features and surface-tethered bioactive species, and its application as a substrate for mESC neural differentiation. Detailed analysis of gene and protein expression results reveals that even with fewer adherent cells, GYIGSR-functionalized fibers promoted similar neural differentiation of D3 mESCs when compared to laminin-coated glass, and induced faster differentiation times on functional nanofibers (higher expression of neural progenitor and neuronal genes Sox1, Tubb3, Cdh2, Gap43, Syp at early time points, and earlier NES, TUBB3, GAP43 and MAP2 protein expression on synthetic nanofiber substrates). These results indicated that functional nanofiber substrates could promote even faster differentiation than laminin. The aligned nanofibers can also be used as substrates to guide neurite extension.
Aligned nanofibers and post-electrospinning surface modification with bioactive species can be combined to produce translationally relevant xeno-free substrates for stem cell therapy. Future development efforts are focused on additional bioactive species that are able to function as surrogates for other xenogenic factors found in differentiation media. , Gfap) gene markers demonstrated that aligned GYIGSR-functionalized nanofiber scaffolds have similar neuronal differentiation into neural lineage compared to laminin-coated glass. No significant differences were found between fibers and laminin glasses in most of the gene expression, with similar differentiation states at day 7 and day 14. Two exceptions of higher expression of neuronal genes on aligned GYIGSR fiber scaffolds at earlier time points were Sox1 at day 1 and Cdh2 at day 3 and day 7.
• indicates statistically significant difference (p < 0.05) in comparison to the previous time point for the same substrate, * indicates that gene expression on fibers is statistically significantly different (p < 0.05) than on laminin for the same time point. Average angle of neurite orientation on fibers relative to the fiber direction was found to be -2.8 ± 21.5° and 21.5 ± 43.5° and on laminin glass. The goodness of fit (r2) to the Gaussian curve (0.82 ± 0.14) was statistically increased on aligned fibers in comparison to laminin glass (0.48 ± 0.21). The width of the Gaussian peak at half its maximum intensity was more narrow for neurites on fibers (50.6°) than on laminin glass (102.5°), also demonstrating the alignment. using NIH ImageJ. [5] (B) Directionality TM plugin [6] was used to estimate alignment of the scaffolds and Fityk 0.9.8 was used to fit Gaussian function (red curve) and calculate average angle as peak of fitting. [7] Angles were normalized to 0° for aligned fibers. The highest peak was normalized to 1. Average angle was calculated to be 0 ± 6°, and goodness of fitting of Gaussian curve calculated by Directionality TM plugin was high (0.91 ± 0.06, average ± standard deviation). 
!
Synthesis of 6-azidohexanoic acid[8]
Sodium azide (3.0 g, 15.4 mmol) was added to solution of 6-bromohexanoic acid (4.5 g, 7.7 mmol) in N,N-dimethylformamide (15 mL) and the mixture was heated at 85 °C for 3 h. The crude reaction mixture was diluted in methylene chloride, and this solution washed with 0.1 N aq
HCl. The organic layer was dried over anhydrous Na2SO4, filtered, and concentrated under reduced pressure to give 6-azidohexanoic acid (2.7 g, 74%) as an oil. 1 
